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C O N S P E C T U S
This Account describes our achievements on gold-catalyzed transformations using allenol and alkynol derivatives. Of these, oxa-and carbo-cyclizations are best known and studied. We have divided those contributions into sections arranged according to the nature of the starting material (allene versus alkyne).
Gold-catalyzed carbocyclizations in allenyl C2-linked indoles, allenyl-β-lactams and allenyl sugars follow different patterns. Gold-catalyzed cyclization of indole-tethered allenols allows the efficient synthesis of carbazole derivatives.
The gold-catalyzed 9-endo carbocyclization of (aryloxy)allenyl-tethered 2-azetidinones is in salient contrast to the 5-exo hydroalkylation observed for allenyl sugars.
The unusual preference for the 4-exo-dig cyclization in allene chemistry as well as the rare β-hydride elimination reaction in gold catalysis, have been illustrated starting from readily available α-allenols. Besides, it has been observed in γ-allenols that a (methoxymethyl)oxy protecting group not only masks an hydroxyl functionality, but also exerts directing effects as a controlling unit in a gold-catalyzed regioselectivity reversal. Our recent work has also led to a combined experimental and computational study on regioselective goldcatalyzed synthetic routes to 1,3-oxazinan-2-ones (kinetically-controlled products) and 1,3-oxazin-2-one derivatives (thermodynamically favored) from easily accessible allenic carbamates.
Direct gold-catalyzed cycloketalization of alkynyldioxolanes as well as aminoketalization of alkynyloxazolidines have been described. Labeling studies and density functional calculations were performed to gain insight into the mechanisms of the bisheterocyclization reactions. We also describe the controlled gold-catalyzed reactions of primary and secondary propargylic hydroperoxides with a variety of nucleophiles including alcohols and phenols, allowing the direct synthesis of β-functionalized ketones. Computations and 18 O-labeling experiments reveals various aspects of the controlled reactivity of propargylic hydroperoxides with external nucleophiles under gold catalysis: The mechanism resembles a Meyer-Schuster rearrangement, but notably, the presence and geometry characteristics of the OOH functional group allow a new pathway to happen, which cannot apply to propargylic alcohols. 6 Herein we account our own experience in gold catalysis with a focus on the formation of C-C and C-O bonds using allenes and alkynes as starting materials.
Allenes
Gold-catalyzed carbocyclizations in allenyl C2-linked indoles, allenyl-β-lactams and allenyl sugars
The carbazole nucleus represents a key molecular motif with widespread occurrence in nature and featuring peculiar biological activities. The indole framework has been very successful in gold catalysis on reacting with alkynes. 7 The Au(I)-catalyzed cyclization of allenol C2-and C3-linked indoles afforded carbazoles. 8 A mixture of at least two different products arising from competitive C-cyclization versus O-cyclization is possible starting from indole-tethered allenols 1a and 1b.
Nicely, substrates 1a and 1b gave full conversion to carbazoles 2a and 2b in a totally selective fashion (Scheme 1). Worthy of note, despite that gold-based catalysts are well known for their ability to promote the O-cyclization of α-allenols, 9 no traces of dihydrofurans were detected. It was also found that this activation mode was also quite successful in the direct cyclization reaction of NH-indolyl allenols (Scheme 1). Thus, it is obvious from the experiments that in our functionalized system competitive heterocyclization processes are not operating. Probably, in our case, the carbazole formation must be driven by the higher stability associated with the aromatic sixmembered carbocycle. It could be inferred that the 6-endo carbocyclization reaction of allenols 1 is thermodynamically favored. 
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(Aryl)allenol-tethered 2-azetidinones 5 or (aryl)allenol-tethered sugars 6, readily prepared from 4-oxoazetidine-2-carbaldehydes or 3-O-(aryl) glucofuranosides, were used as starting materials for the regio-and stereoselective catalytic carbocyclization reaction in the presence of a gold(I) precatalyst. 10 Interestingly, in contrast to the gold-catalyzed reactions of (aryl)allenoltethered sugars which lead to the corresponding cyclopenta [b] furan core derivatives 8 (hydroalkylation adducts), the reactions of (aryl)allenol-tethered 2-azetidinones under identical conditions gave the nine-membered annulated β-lactam derivatives 7 (hydroarylation adducts) as the sole products (Scheme 3), through exclusive 9-endo carbocyclization by initial attack of the arene moiety to the distal allene carbon. Thus, it is shown that the outcome of the reaction (9-endo hydroarylation versus formal 5-exo hydroalkylation). Moreover, the mildness of the method allowed the preparation of unusual fused 2-azetidinones without harming the sensitive fourmembered ring. In order to confirm the mechanistic proposal, density functional calculations were performed to gain insight into the mechanism of the previously unknown allenic 9-endo hydroarylation reaction (Figure 1 ). Our calculations suggest that the reaction starts with the exergonic coordination of the AuPMe 3 + catalyst to the distal double bond of the allenic moiety of 1M (∆G 298 = -9.4 kcal/mol). Then, the 9-endo carbocyclation reaction to produce the nine- 
Gold-catalyzed oxycyclization reactions in α-allenols and γ-allenols
Traditionally, metal-catalyzed cyclizations on α-allenols favor a 5-endo-trig pathway. We were attracted to the possibility that a heterocycle different to a five-membered ring could be accessed by variation of the allene substitution. Starting from salicylaldehyde-derived phenyl-substituted allenols 9, the gold-catalyzed synthesis of oxetenes 10 was achieved (Scheme 5). 
RT or reflux A mechanistic rationale for the gold-catalyzed conversion of aryl-substituted allenols 9 into oxetenes 10 is intricate. It is worth noting that the cyclization affords cycloadducts 10 from a 4-exo- 
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We have accomplished a regiodivergent gold-catalyzed O−C functionalization of 2-azetidinone-tethered γ-allenol derivatives.
14 The reactivity of 2-azetidinone-tethered γ-allenols toward the regioselective hydroalkoxylation reaction was tested with substrate 15a (R 1 = Bn, R 2 = TBS) by the use of AuCl and AuCl 3 as catalysts. Gratifyingly, it was found that Au salts were effective as 5-exo selective hydroalkoxylation catalysts, affording bicycle 16a. AuCl 3 was selected as catalyst of choice because of its superior performance, affording tetrahydrofuran-2-azetidinones 16 in moderate yields (Scheme 7). No regioisomeric products were detected, giving exclusively the fused five-membered oxacycle. A computational study for the above heterocyclization has been carried out. 15 Density functional theory (DFT) calculations have been carried out at the PCM-M06/def2-SVP//B3LYP/def2-SVP level. The Au(III)-catalyzed cyclization of the model system γ-allenol I (Fig. 2 ) takes place regio-and stereoselectively through a 5-exo hydroalkoxylation because of a kinetic preference governed by electronic and steric factors. The results in Figure 2 clearly point to the stepwise mechanism as the most likely route. Therefore, the stepwise path is predicted to be considerably favored over the concerted path, which hence can be ruled out as operative. Overall, the 1,3-H shift is a strongly exothermic process, pointing to a somewhat irreversible character.
Having found a solution for the 5-exo selective hydroalkoxylation, it was next examined the possibility of tuning the regioselectivity in the heterocyclization of γ-allenol derivatives. Taking into account the sensitivity of the MOM group to acidic conditions, it was decided to see if (methoxymethyl)oxy substitution may had beneficial impact on the above cyclization reactions. were treated with AuCl 3 , the 5-exo mode was completely reverted to a 7-endo cyclization to afford bicycles 20 in fair yields (Scheme 9). 14 It seems that the reactivity in this type of Au(III)-catalyzed reactions is determined by the presence or absence of a methoxymethyl protecting group at the γ-allenol oxygen atom, as the free γ-allenols 15 gave 5-exo hydroalkoxylation, while MOM protected γ-allenol derivatives 19 exclusively underwent a 7-endo oxycyclization. Thus, it has been demonstrated that regioselectivity control in the metal-catalyzed O-C functionalization of γ-allenols can be achieved through the nature of the γ-allenol (free versus protected). Probably, the proton in the last step of the catalytic cycle comes from the trace amount of water present in the solvent or the catalyst. In the presence of MOM group, 5-exo cyclization falters. As calculations reveals, 5-exo oxyauration via 21 is restricted by the steric hindrance between the (methoxymethyl)oxy group and the substituents at the quaternary stereocenter. 18 While the synthesis of oxazinones from N-Boc-(3-butyn)-1-amines has been established, 19 the gold-catalyzed cyclization of N-Boc-allenes with the aim of establishing a protocol for the synthesis of 1,3-oxazin-2-one derivatives in which the carbamate group should serve as the source of CO 2 has only been examined recently. 20 We employed three different gold salts in our initial screening of catalysts for a model system allenic carbamate.
Initially, the use of AuCl 3 and AuCl were tested, but both failed to catalyze the reaction.
Fortunately, we found that [AuClPPh 3 ]/AgOTf was an excellent catalyst for our purpose. The reaction of allenic carbamates 31 at room temperature afforded 3-benzyl-6-methylene-1,3-oxazinan-2-ones 32 bearing an exocyclic double bond as the sole product (Scheme 13). Adding a catalytic amount of Brønsted acid (PTSA) into the reaction system did slightly improve the yield of 32. Solvent screening demonstrated that dichloromethane was the best election in the reaction.
Interestingly, starting from allenic carbamates 31 and performing the reaction in dichloromethane at 130 °C, a series of 6-methyl-3-substituted-3,4-dihydro-2H-1,3-oxazin-2-ones 33 were exclusively formed (Scheme 13). The observed regioselectivity is worthy of note, because under our reaction conditions only 1,3-oxazinan-2-ones 32 (arising from 6-endo-dig cyclization) or 3,4-dihydro-2H-1,3-oxazin-2-ones 33 (arising from 6-exo-dig cyclization) were achieved, with the nucleophilic oxygen attacking the central allene carbon atom in each case. This is an interesting result, because the available examples on related metal-catalyzed allene heterocyclizations usually lead to 5-exo-trig cyclization; only Hashmi et al. have recently reported an attack at the central position of the allene in allenylamides. 21 Thus, it is possible to suppress the formation of the 1,3-oxazinan-2-one ring by performing the reaction at higher temperature, yielding the 1,3-oxazin-2-one as the exclusive product. A general trend can be deduced on the basis of these results:
heterocycle 33 is the thermodynamically controlled product while heterocycle 32 is the kinetically controlled product. of fused oxabicyclic β-lactams using gold catalysis through a tandem oxycyclization/hydroxylation of 2-azetidinone-linked alkynols has been accomplished. 23 The reaction of 2-azetidinone-tethered bishomopropargylic alcohol 40 in the presence of catalytic amounts of AuCl 3 provided bicycle 41
in good yield, which may result from a cycloetherification/hydroxylation sequence (Scheme 15).
Interestingly, the gold-catalyzed reaction of 42 possessing a (methoxymethyl)oxy moiety instead the free hydroxyl group, also proceeded smoothly to give the cyclization adduct 41 albeit in lower yield (Scheme 15). Notably, the observed regioselectivity (5-exo cyclization) was not affected by the presence of a protective group at the hydroxyl moiety. These gold-catalyzed oxycyclizations were successfully extended to trishomopropargylic alcohol 43, yielding the oxycyclization/hydroxylation product 44 with concomitant MOM cleavage (Scheme 15). By contrast, the presence of a phenyl substituent at the terminal alkyne carbon showed a substantial effect on the reactivity, as illustrated by the fact that phenyl alkynol 45 did afford a complex mixture. The recently developed gold activation of alkynes toward simultaneous attack by two contiguous oxygen nucleophiles is an important C-O bond-forming reaction. 24 Previous work involves the use of free hydroxy groups (Scheme 17, eq 1). However, the direct bis(oxycyclization) sequence of acetonide-tethered alkynes was missed until we merged into this field. 
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Gold-catalyzed rearrangement of propargylic hydroperoxides
After the contribution by Hashmi on the formation of hydroperoxides by a one-pot sequence of gold-catalyzed isomerization/autoxidation, 28 we described the first report on the gold-catalyzed reactivity of alkynes bearing a hydroperoxide moiety. 29 As shown in Scheme 21, the above process in a one-pot operation from readily available alkynyl hydroperoxides 66 and alcohols (methanol, ethanol, ethylene glycol) serves as a general approach to β-alkoxy ketones 67. When we 25 investigated the reactivity of propargylic hydroperoxides 66 with phenols at room temperature the starting materials were recovered. Only after heating at reflux temperature, the gold-catalyzed reactions evolved. Notably, the use of substituted phenols including catechol did not result in the formation of the corresponding phenoxy ketones; arylketones 68 were obtained instead as the result of a hydroarylation reaction (Scheme 21). Interestingly, compounds 68 were exclusively isolated as the para-substituted phenol regioisomers. Worthy of note, secondary alkynyl hydroperoxides also undergo these interesting transformations. 
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